The role of neuraminidase and the mechanism of low pH dependence in influenza virus-induced membrane fusion have been studied further using fowl plague virus (FPV, H7N 1). Two specific anti-FPV neuraminidase antisera obtained from chickens immunized with recombinant virus strains inhibited viral neuraminidase activity without influencing its haemagglutinating activity. These sera totally inhibited the FPV-induced fusion of erythrocytes and partially reduced haemolysis. But both fusion and haemolysis activities could be restored by external addition of Vibrio cholerae neuraminidase, indicating participation of neuraminidase in FPV-induced membrane fusion. With regard to low pH-dependent fusion by influenza virus, it was found that erythrocytes of various species showed different pH optima for haemolysis by FPV and that erythrocytes could be sensitized for fusion and haemolysis by FPV at neutral pH if they had been pretreated with a low pH buffer. These results demonstrated that surface properties of erythrocytes rather than that of the virus are critical in the low pHdependent fusion and haemolysis by influenza viruses.
INTRODUCTION
We previously reported that reconstituted influenza virus membranes can fuse with cellular membranes and that both cleaved haemagglutinin and neuraminidase activity are required (Huang et al., 1980 a, b) . With influenza virus particles, cell fusion and haemolysis are dependent on the presence of both the cleaved haemagglutinin and the neuraminidase (Huang et al., 1981 a) . While the requirement for cleaved haemagglutinin has been confirmed by other groups (White et al., 1981 ; Maeda et al., 1981 , Lenard & Miller, 1981 Lenard et al., 1982) , the need for neuraminidase has been disputed. Thus, influenza viruses from which most of the enzyme activity had been destroyed by heat still retained their ability to cause haemolysis (Shibata et al., 1982) . Further, cloned haemagglutinin alone can cause fusion . Since any residual enzyme activity remaining after heat treatment or any cell-associated neuraminidase might suffice to promote membrane fusion, a definite conclusion regarding the role of netiraminidase in membrane fusion can only be expected if the absence of the enzyme could be guaranteed. We therefore decided to examine this matter further by using specific antineuraminidase antibodies obtained by immunization with recombinant virus strains that could abolish the virus-associated neuraminidase while leaving the haemagglutinating activity intact. Further, erythrocytes which are devoid of neuraminidase activity were used to avoid complications due to cell-associated neuraminidases.
Another as yet unanswered question concerns the cause of the influenza virus-induced fusion and haemolysis that can be triggered only under slightly acidic conditions (Huang et al., 1981 a; White et al., 1981 ; Maeda et al., 1981 ; Lenard & Miller, 1981) . Conformational changes have been reported to occur in the haemagglutinin molecule at pH values optimal for fusion (Skehel et al., 1982; Daniels et al., 1983) . It is therefore of importance to find out whether this conformational change is the cause of fusion. The problem is complicated by the fact that not only the virus but also cellular membranes may undergo changes at acidic pH. In this paper an attempt has been made to evaluate the contribution of cellular membrane in the pH-dependent membrane fusion and haemolysis. For this purpose, pH optima of fowl plague virus (FPV)-induced haemolysis were compared using erythrocytes of several species. Further, to confine the acid effect to the cellular membrane, erythrocytes alone were pretreated at acid pH and then washed with saline at pH 7. They were then tested for fusion and haemolysis by FPV at neutral pH.
METHODS
Virus. Fowl plague virus (A/FPV/Rostock/H7N1) was propagated in embryonated chicken eggs and isolated according to Chuchulowius & Rott (1972) .
Antisera. Recombinant virus strains containing the nenraminidase of FPV and the haemagglutinins of the virus strains Equi-2 (A/equine/Miami/68, H3N8) and Asia (A/Asia/57, H2N2) were produced by double infection in primary chick embryo cells according to Rott et aL (1979) . Antisera to these recombinants were obtained by inoculation of chickens and pretreated with periodate and heat (56 °C) to destroy unspecific components (Rott, 1965) .
Treatment ofFP V with antisera. Antiserum (0-1 ml) at a final tenfold dilution was mixed with the same volume of FPV containing 256 haemagglutinating units (HAU) and incubated at room temperature for 30 min. After this period, the mixtures were checked for neuraminidase inhibition and haemagglutinating activity.
Neuraminidase ofVibrio cholerae. This enzyme (RDE) was purchased from Behringwerke, Marburg, F.R.G. Neuraminidase test. Neuraminidase activity was determined using sialolactose as substrate (Huang & Orlich, 1971) .
Ervthrocytes. One percent erythrocyte suspensions in saline were obtained from citrated blood samples from human, rabbit, chicken and rat after washing in saline. These erythrocyte suspensions did not contain neuraminidase activity, as none of them hydrolysed the enzyme substrate sialolactose in a 4 h incubation at 37 °C (Huang & Orlich, 1971) .
Pretreatment of erythrocytes with mild acid. Washed erythrocytes were suspended in acetate (0.1 M)-buffered saline ranging from pH 5.0 to pH 5.5, washed four times with large excess of unbuffered saline (100 vol. each wash) which had been adjusted to neutrality (pH 7) with 10 -3 M-NaOH, using a precision pH meter, type 540 equipped with glass electrodes (Knick Elektronische Messger~ite, Berlin) to monitor pH. These acid-treated erythrocytes were then resuspended in this neutral saline. To reverse the effect of acid on these erythrocytes, they were resuspended once in phosphate-buffered saline (PBS) pH 7, and then washed four times with the unbuffered neutral saline as above.
Haemolysis test. Samples (0.1 ml) of virus suspension containing 256 HAU, treated or untreated with antisera, were mixed with 2 ml of a 1 ~ erythrocyte suspension. Then 0-5 ml of 0-5 t~-acetate buffer in saline adjusted to pH 5.0 to 5-5 was added. After checking that the final pH was correct, the mixtures were incubated at 37 °C for 10 min. Haemolysis was measured at 540 nm as described previously (Huang et al., 1981a) . When required, RDE was added 2 min after erythrocytes had been agglutinated by the virus.
Fusion test. The same procedure as for haemolysis was employed and fusion was observed under a Zeiss microscope, sometimes after labelling with fluorescent dansylcerebroside (Huang, 1982) to visualize fusion more clearly.
Supplementation of neuraminidase for restoration of haemolysis and fusion activities. Ten to 80 mU of V. cholerae neuraminidase was added 2 min after addition of anti-neuraminidase-treated FPV to erythrocytes as described above. The mixtures were then tested for restoration of haemolysis and fusion activities, using the procedures described above.
RESULTS

Requirement for neuraminidase in influenza virus-induced membrane fusion
Both anti-neuraminidase antisera were found to inhibit the FPV neuraminidase to 50~o at a dilution of about 1 : 1024 without reducing the haemagglutinating activity. When these sera were diluted tenfold with saline and incubated with the same volume of FPV suspension containing 256 HAU at room temperature, no neuraminidase activity could be detected even after 1 h incubation at 37 °C with sialolactose as substrate. Under these conditions, the haemagglutinating activity of the virus was unaffected.
Both anti-neuraminidase antisera used also prevented the FPV-induced fusion oferythrocytes ( Fig. 1) which occurs if the virus is not treated with the antiserum (Huang et al., 1981a) . However, fusion of these erythrocytes could be restored upon addition of V. cholerae neur- Fig. 1 . Inhibition of FPV-induced erythrocyte fusion by a specific anti-neuraminidase antiserum (antiEqui/FPV) and restoration of fusion activity by addition of RDE. Magnification x 300. Erythrocytes were labelled with fluorescent dansylcerebroside as described previously (Huang, 1982) . (a) No fusion of erythrocytes aggregated by FPV treated with anti-neuraminidase antiserum. After treatment of 0.1 ml of a FPV suspension containing 256 HAU with the antiserum as described in Methods, fluorescencelabelled erythrocytes (1 ~ suspension, 2 ml) were added. After adjustment of pH to 5.5 by addition of a 0.5 M-sodium acetate buffer (pH 5.5), the mixture was incubated for 10 min at 37 °C. (b) Occurrence of fusion after addition of 60 mU of RDE to the mixture in (a) 2 min after addition of antiserum-treated FPV to erythrocytes. The mixture was then adjusted to pH 5.5 and incubated for 10 min at 37 °C. * RDE was added 2 min after addition of virus, whether treated or not with antiserum, to erythrocytes. Haemolysis was carried out at 37 °C for 10 min in a 0.1 M-acetate buffer at pH 5.5. Other conditions are as described in Methods. a m i n i d a s e ( R D E ) . It has not b e e n possible to q u a n t i f y fusion, but w i t h the a d d i t i o n of a b o u t 60 m U of R D E a clear restoration of fusion could be o b s e r v e d microscopically. This a m o u n t of R D E is e q u i v a l e n t to a b o u t one-fifth the e n z y m e activity p r e s e n t in the virus before i n h i b i t i o n with antiserum. R e c o v e r y of fusion activity was reduced if less R D E was added, b u t e v e n w i t h 10 m U some cells were fused.
H a e m o t y s i s i n h i b i t i o n by a n t i s e r a a n d its restoration by a d d i t i o n of R D E were also tested for the purpose of quantification. A l t h o u g h i n h i b i t i o n of haemolysis was n o t c o m p l e t e (Table 1) (11) erythrocytes by FPV in a neutral saline after pretreatment of the erythrocytes in acid buffers. Acetate-buffered saline was adjusted to the pH values indicated. Erythrocytes were treated with these buffers, washed with an unbuffered neutral saline and finally haemolysed by FPV in this saline as described in Methods.
basically similar results were obtained as with fusion. The two antisera used (anti-Equi/FPV and anti-Asia/FPV) reduced the haemolysis to less than 10% of the original level. But haemolysis could be restored to its full extent upon addition of about 60 mU of RDE to erythrocytes which had been aggregated by the antiserum-treated virus. The recovery of haemolysis increased gradually between 10 mU and 80 mU of added enzyme activity. RDE alone did not promote haemolysis. Instead, it even had an inhibitory effect on haemolysis of FPV which had not been previously treated with antiserum.
pH dependence of haemolysis
To evaluate the role of the cell plasma membrane in the low pH-dependent membrane fusion, erythrocytes from human, rabbit, chicken and rat were incubated with FPV in buffers at different pH. It was found that pH optima for haemolysis varied greatly among these erythrocytes (Fig. 2) . Human and chicken erythrocytes were maximally haemolysed at around pH 5-6, whereas for rabbit and rat cells haemolysis occurred maximally at pH 5.0.
To confine the acid effect to cellular membranes, these erythrocytes were treated with acetate buffers of different pH. After extensive washing of acid-treated erythrocytes with neutral saline, they were found to be readily haemolysed by the virus at pH 7 (Fig. 3) . Fig. 3 also shows that each type of erythrocyte is differently sensitized to haemolysis by pretreatment with acid.
FPV also readily caused membrane fusion at neutral pH (Fig. 4) , if erythrocytes had been pretreated with mild acid. The acid sensitization of erythrocytes for virus-induced membrane fusion can be reversed. If the acid-activated erythrocytes were treated once with a PBS at pH 7 and then washed with unbuffered neutral saline, they could no longer be fused nor haemolysed by the virus in this saline. 
DISCUSSION
Using liposomes containing haemagglutinin and neuraminidase of myxoviruses, we reached the conclusion that both neuraminidase and haemagglutinin activated by proteolytic cleavage play an essential role in membrane fusion induced by influenza viruses (Huang et al., 1980a, b) . This is supported by experiments showing that fusion of FPV-infected BHK 21-F cells could not only be inhibited by antibodies against haemagglutinin but also by anti-neuraminidase antibodies (Huang et al., 1981a) . However, other experiments cast doubts on the role of neuraminidase in membrane fusion. Firstly, Shibata et al. (1982) reported that heat-inactivated influenza virus containing only residual neuraminidase still caused haemolysis. Secondly, White et al. (1982) found that haemagglutinin expressed from a cloned gene of influenza virus alone could promote fusion without participation of any other viral proteins and lastly, it has been known for some time that anti-neuraminidase antibodies do not neutralize infection of influenza viruses (Seto & Rott, 1966) . However, in all these studies the complete absence of neuraminidase activity has never been guaranteed. Heat inactivation of virus particles still left a few percent of viral neuraminidase intact (Shibata et al., 1982) . Animal cells are known to contain various levels of endogenous neuraminidases (Schauer, 1983) and therefore it is to be expected that cells used to express cloned haemagglutinin would also contain endogenous neuraminidases. Since it is only possible to reach a definite conclusion on the role of neuraminidase in membrane fusion in a system totally devoid of neuraminidase, we employed anti-neuraminidase antibodies that could effectively inhibit the enzyme activity while leaving the haemagglutinin intact. In addition, erythrocytes were used which had been shown to contain no intrinsic cellular neuraminidases. The antibodies used blocked the fusion of erythrocytes completely. Haemolysis was also prevented to a large extent by these antibodies. These effects could not be explained on the basis of steric hindrance or crosslinking of membrane components by the bulky antibodies, since external supplementation of RDE reinitiated fusion and haemolysis. These experiments clearly indicated the participation of neuraminidase in FPV-induced membrane fusion and haemolysis.
It is, however, not altogether clear why the antibodies inhibited cell fusion completely but only reduced haemolysis to a low level. To understand this it remains to be found out how erythrocyte fusion is related to haemolysis. It is possible that some local fusion between viral and erythrocyte membranes still occurs in the absence of neuraminidase activity which might be sufficient for haemolysis, but that gross fusion of erythrocytes by the virus can only occur with the participation of neuraminidase. This could explain why influenza virus infection cannot be prevented by anti-neuraminidase antibodies (Seto & Rott, 1966) . It is also not yet evident how neuraminidases act in promoting fusion and haemolysis caused by virus particles. Possibly, as we proposed earlier, a second receptor embedded in the cellular membrane needs to be exposed by the action of neuraminidase to become accessible for membrane fusion (Huang et al., 1980b; Huang, 1983) .
Another as yet unsolved problem concerns the mechanism of low pH-dependent influenza virus-induced membrane fusion. The occurrence of a conformational change is to be expected with proteins when exposed to a different pH, as was indeed found to be the case with haemagglutinin of influenza virus at acid pH (Skehel et al., 1982; Daniels et al., 1983) . However, as yet direct evidence of a causal relationship between the conformational change and fusion activity is lacking, except for the suggestion that the hydrophobic HAz fragment normally hidden in the stem region of the haemagglutinin molecule must undergo a conformational change to reach the opposite membrane (Wilson et al., 1981) .
In addition to viral glycoproteins, cellular membranes are also subject to change when pH is shifted. Therefore, we exposed erythrocytes alone to low pH to bring about any change that would occur at their surface. By this method it was possible to confine the acid effect to the erythrocytes. After thorough washing, these cells were found to be as effectively fused and haemolysed at neutral pH as when both the virus and the erythrocytes were incubated together in an acid buffer. It can therefore be concluded that a conformational change of the haemagglutinin, which occurs under mildly acidic conditions, is not required for its fusion activity. How the HA, terminus can reach the opposite membrane is still unknown. An acid environment, however, may still cause changes in the viral membrane that in some way modulate the pH optima for fusion, since it is known that different influenza virus strains possess different pH optima for haemolysis even when the same erythrocytes were used (Huang et al., 1981 a; Daniels et al., 1983) . Trials confining the acid effect to virus particles failed, as the haemagglutinating activity of FPV was drastically abolished at pH 5.5 and in addition the virus was irrevocably aggregated (not shown).
Although it has been demonstrated that neuraminidase plays a role in membrane fusion, the significance of this enzyme in infection remains to be studied. The importance of aciddependent membrane fusion for infection is also unclear. However, in light of the detrimental effect of acid on the virus and the fact that acid pH activation of the virus is not obligatory for fusion as described above, the view of lysosomes as the entry site of influenza and other enveloped viruses (Helenius et al., 1980; White et al., 1981) may have to be reconsidered. As reviewed in detail by Dimmock (1982) , the inhibitory action of lysosomotropic agents on infection with viruses cannot be automatically interpreted as evidence that lysosomes are the site of virus penetration. Recently, we demonstrated that FPV which was prevented from undergoing endocytosis by being bound to a substratum can infect cells through fusion with the plasma membrane at neutral pH (Huang et al., 1981b) . This study was supported by the Deutsche Forschungsgemeinschaft (Sonderforschungsbereich 47) and Fonds der Chemie.
